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INTER-CELL INTERFERENCE 
CANCELLATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of U.S. application Ser. 
No. 13/713,316 (now U.S. Pat. No. 8,913.437), filed on Dec. 
13, 2012, which claims the benefit of U.S. Provisional Appli 
cation No. 61/576,291, filed on Dec. 15, 2011. The entire 
disclosures of the applications referenced above are incorpo 
rated herein by reference. 

FIELD 

The present disclosure relates generally to semiconductor 
memory, and more particularly to interference cancellation in 
flash memory. 

BACKGROUND 

The background description provided herein is for the pur 
pose of generally presenting the context of the disclosure. 
Work of the presently named inventors, to the extent the work 
is described in this background section, as well as aspects of 
the description that may not otherwise qualify as prior art at 
the time offiling, are neither expressly nor impliedly admitted 
as prior art against the present disclosure. 
Memory integrated circuits (ICs) comprise memory 

arrays. The memory arrays include memory cells arranged in 
rows and columns. The memory cells may include cells of 
volatile or nonvolatile memory. Volatile memory loses data 
stored in the memory cells when power is removed from the 
memory cells. Nonvolatile memory retains data stored in the 
memory cells when power is removed from the memory cells. 
The memory cells in the rows and columns of a memory 

array are addressed by word lines (WLS) that select the rows 
and bit lines (BLS) that select the columns. The memory ICs 
comprise WL and BL decoders that select the WLs and BLs, 
respectively, during read/write (R/W) and erase/program 
(EP) operations. 

In FIG. 1, a memory IC 10 comprises a memory array 12, 
aWL decoder 16, a BL decoder 18, and a control module 19. 
The memory array 12 comprises memory cells 14 arranged in 
rows and columns as shown. The WL and BL decoders 16, 18 
select the WLs and BLs, respectively, depending on the 
addresses of the memory cells 14 selected during R/W and EP 
operations. 
The control module 19 receives commands (e.g., read, 

write, erase, program, etc.) from a host (not shown). The 
control module 19 reads and writes data in the selected 
memory cells 14. Additionally, the control module 19 erases 
and programs the selected memory cells 14 (e.g., in one or 
more blocks or pages) when the memory cells 14 include cells 
of nonvolatile memory such as flash memory. 

For example only, the memory cells 14 may include cells of 
NAND or NOR flash memory. Each memory cell 14 may be 
programmed to store N binary digits (bits) of information, 
where N is an integer greater than or equal to 1. Accordingly, 
each memory cell 14 may have 2' states. To store N bits per 
cell, each memory cell 14 may comprise a transistor having 
2Y programmable threshold voltages (hereinafter threshold 
voltages). The 2Y threshold voltages of the transistor repre 
sent the 2' states of the memory cell 14, respectively. 

In FIG. 2, a memory cell 14-i may comprise a transistor 50 
having a threshold voltage V. The transistor 50 may com 
prise a floating gate G (hereinafter gate G), a source S, and a 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
drain D. The amount of charge stored in the gate G during a 
write operation determines the value of threshold voltage V, 
and the state of the memory cell 14-i. 

For example only, the transistor 50 may have two program 
mable threshold voltages V, and V depending on the 
amount of charge stored in the gate G. When the amount of 
charge stored in the gate G is Q1, the threshold voltage of the 
transistor 50 is V. When the amount of charge stored in the 
gate G is Q2, the threshold voltage of the transistor 50 is V. 
Depending on the amount charge stored in the gate G, a gate 
Voltage (i.e., Vs) having a value greater than or equal to V, 
or V may turn on the transistor 50 (i.e., generate a prede 
termined drain current). 
The state of the memory cell 14 (i.e., data stored in the 

memory cell 14) is read by measuring the threshold Voltage 
V of the transistor 50. The threshold voltage V cannot be 
read out directly. Instead, the threshold voltage V is mea 
Sured by applying the gate Voltage to the gate G and sensing 
the drain current. The drain current is sensed by applying a 
small voltage across the source S and the drain D of the 
transistor 50. 
When the gate voltage is less than the threshold voltage V, 

the transistor 50 is off, and the drain current is low (approxi 
mately Zero). Conversely, when the gate Voltage is greater 
than or equal to the threshold voltage V, the transistor 50 
turns on, and the drain current becomes high (i.e., equal to the 
predetermined drain current corresponding to the V). The 
value of the gate Voltage that generates the high drain current 
represents the threshold voltage V of the transistor 50. 

Typically, states of memory cells in a block or a page of a 
memory array are sensed at a time. The gates of the transistors 
of the memory cells in the block are connected to a WL. The 
WL is selected, and a voltage is applied to the WL. The states 
of N-bit memory cells are sensed by stepping through (2Y-1) 
voltages on the WL and determining the threshold voltages of 
the transistors when the drain currents of the transistors first 
exceed a predetermined (preprogrammed) value. 

In FIGS. 3A and 3B, the threshold voltage of the transistor 
50 is measured as follows. For example only, the transistor 50 
may have one of four threshold Voltages V to V, where 
V<V<V-Va. Accordingly, the memory cell 14-i may 
have one of four states 00, 01, 10, and 11. 

In FIG. 3A, the control module 19 comprises a voltage 
generator 20 and current sensing amplifiers 22. The number 
of current sensing amplifiers is equal to the number of BLS. 
For example, when the IC 10 comprises B BLs, the current 
sensing amplifiers 22 include B current sensing amplifiers for 
BBLs, respectively, where B is an integer greater than 1. 

In FIG. 3B, the WL decoder 16 selects a WL comprising 
memory cells 14-1, 14-2,..., 14-i,..., and 14-in (collectively, 
memory cells 14) when the states of the memory cells are to 
be determined. Each of the memory cells 14 includes a tran 
sistor similar to the transistor 50. The transistors are shown as 
capacitances C that store the charge in the gates. 
When a read operation begins, the Voltage generator 20 

Supplies a Voltage (e.g., a staircase Voltage) to the WL decoder 
16. The WL decoder 16 inputs the voltage to the selected WL. 
Accordingly, the Voltage is applied to the gates of the transis 
tors on the selected WL. 
The current sensing amplifiers 22 include one current sens 

ing amplifier for each BL. For example, a current sensing 
amplifier 22-i communicates with a bit line BL-i and senses 
the drain current that flows through the transistor 50 of the 
memory cell 14-i. The current sensing amplifier 22-i Senses 
the drain current by applying a small Voltage across the Source 
and the drain of the transistor 50. 
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Each current sensing amplifier senses the drain current 
through the respective one of the transistors of the memory 
cells 14. The control module 19 measures the threshold volt 
ages of the transistors based on the drain currents sensed by 
the respective current sensing amplifiers 22. 

SUMMARY 

A system includes a read module configured to generate 
first information about a first memory cell located along a first 
bit line and a first word line of a memory array by reading 
memory cells along the first word line of the memory array. 
The memory cells include the first memory cell. The first 
information indicates a location of a threshold Voltage distri 
bution of the first memory cell relative to a plurality of thresh 
old voltages applied to the first word line to read the memory 
cells. The read module is configured to generate second infor 
mation about a second memory cell by reading the second 
memory cell. The second memory cell is located along (i) the 
first word line, (ii) a second word line that is adjacent to the 
first word line, or (iii) a second bit line that is adjacent to the 
first bit line. The second information indicates a state of the 
second memory cell causing interference to the first memory 
cell. The system further includes a compensation module 
configured to compensate for the interference caused by the 
state of the second memory cell based on (i) the first infor 
mation and (ii) the second information. 

In other features, the compensation module is configured to 
compensate for the interference using a log-likelihood ratio 
corresponding to (i) the first information and (ii) a distribution 
number corresponding to a threshold Voltage distribution of 
the state of the second memory cell causing the interference to 
the first memory cell. 
A system includes a read module configured to generate 

first information about a first memory cell located along a first 
bit line and a first word line of a memory array by reading 
memory cells along the first word line of the memory array. 
The memory cells include the first memory cell. The first 
information indicates a location of a threshold Voltage distri 
bution of the first memory cell relative to a plurality of thresh 
old voltages applied to the first word line to read the memory 
cells. The system further includes a state determination mod 
ule configured to determine states of one or more memory 
cells causing interference to the first memory cell. The one or 
more memory cells are located along (i) the first word line, (ii) 
a second word line that is adjacent to the first word line, or (iii) 
a second bit line that is adjacent to the first bit line. Locations 
of the one or more memory cells depend on a predetermined 
sequence of programming the memory cells. 

In other features, the system further includes a mapping 
module configured to map one or more of the states causing 
similar interference to a distribution number. The distribution 
number represents threshold voltage distributions of the one 
or more of the states causing the interference to the first 
memory cell. 
A system includes a selection module configured to select 

a first memory cell located along a first bit line and a first word 
line of a memory array, and select a second memory cell 
located along (i) the first word line, (ii) a second word line that 
is adjacent to the first word line, or (iii) a second bit line that 
is adjacent to the first bit line. A location of the second 
memory cell is selected based on a predetermined sequence 
of programming the memory cells. The system further 
includes a read-write module configured to write data in the 
first memory cell and Subsequently in the second memory 
cell, and read the first memory cell and the second memory 
cell. The system further includes a detection module config 
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4 
ured to detect one or more states of the second memory 
causing interference to the first memory cell. 

In other features, the system further includes a read module 
configured to generate first information about the first 
memory cell by reading memory cells along the first word line 
of the memory array. The memory cells include the first 
memory cell. The first information indicates a location of a 
threshold voltage distribution of the first memory cell relative 
to a plurality of threshold voltages applied to the first word 
line to read the memory cells. The system further includes a 
state determination module configured to determine states of 
one or more memory cells causing interference to the first 
memory cell. The one or more memory cells include the 
second memory cell. The one or more memory cells are 
located along (i) the first word line, (ii) the second word line 
that is adjacent to the first word line, or (iii) the second bit line 
that is adjacent to the first bit line. Locations of the one or 
more memory cells are selected based on the predetermined 
sequence of programming the memory cells. 
A method includes generating first information about a first 

memory cell located along a first bit line and a first word line 
of a memory array by reading memory cells along the first 
word line of the memory array. The memory cells include the 
first memory cell. The first information indicates a location of 
a threshold voltage distribution of the first memory cell rela 
tive to a plurality of threshold voltages applied to the first 
word line to read the memory cells. The method further 
includes generating second information about a second 
memory cell by reading the second memory cell. The second 
memory cell is located along (i) the first word line, (ii) a 
second word line that is adjacent to the first word line, or (iii) 
a second bit line that is adjacent to the first bit line. The second 
information indicates a state of the second memory cell caus 
ing interference to the first memory cell. The method further 
includes compensating for the interference caused by the 
state of the second memory cell based on (i) the first infor 
mation and (ii) the second information. 

In other features, the compensating for the interference 
includes using a log-likelihood ratio corresponding to (i) the 
first information and (ii) a distribution number corresponding 
to a threshold voltage distribution of the state of the second 
memory cell causing the interference to the first memory cell. 
A method includes selecting a first memory cell located 

along a first bit line and a first word line of a memory array. 
The method further includes selecting a second memory cell 
located along (i) the first word line, (ii) a second word line that 
is adjacent to the first word line, or (iii) a second bit line that 
is adjacent to the first bit line. A location of the second 
memory cell is selected based on a predetermined sequence 
of programming the memory cells. The method further 
includes writing data in the first memory cell, Subsequently 
writing data in the second memory cell, and reading the first 
memory celland the second memory cell. The method further 
includes detecting one or more states of the second memory 
causing interference to the first memory cell. 

In other features, the method further includes generating 
first information about the first memory cell by reading 
memory cells along the first word line of the memory array. 
The memory cells include the first memory cell. The first 
information indicates a location of a threshold Voltage distri 
bution of the first memory cell relative to a plurality of thresh 
old voltages applied to the first word line to read the memory 
cells. The method further includes determining states of one 
or more memory cells causing interference to the first 
memory cell. The one or more memory cells include the 
second memory cell. The one or more memory cells are 
located along (i) the first word line, (ii) the second word line 
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that is adjacent to the first word line, or (iii) the second bit line 
that is adjacent to the first bit line. Locations of the one or 
more memory cells are selected based on the predetermined 
sequence of programming the memory cells. 

Further areas of applicability of the present disclosure will 
become apparent from the detailed description, the claims 
and the drawings. The detailed description and specific 
examples are intended for purposes of illustration only and 
are not intended to limit the scope of the disclosure. 

BRIEF DESCRIPTION OF DRAWINGS 

The present disclosure will become more fully understood 
from the detailed description and the accompanying draw 
ings, wherein: 

FIG. 1 is a functional block diagram of a memory inte 
grated circuit (IC) according to the prior art; 

FIG. 2 is a schematic of a multi-level memory cell accord 
ing to the prior art; 

FIGS. 3A and 3B are functional block diagrams of the 
memory IC of FIG. 1 according to the prior art; 

FIG. 4A depicts charge level distributions of a 3-bit 
memory cell according to the present disclosure; 

FIG. 4B depicts drifts in the charge level distributions of 
FIG. 4A due to cycling of the 3-bit memory cell according to 
the present disclosure; 

FIG. 5 depicts a threshold voltage distribution of a single 
bit cell and reference voltages used to perform multiple read 
operations according to the present disclosure; 

FIG. 6A depicts a memory array according to the present 
disclosure; 

FIG. 6B shows a table for programming pages in the 
memory array of FIG. 6A according to the present disclosure; 

FIG. 7A shows a victim cell and a plurality of aggressor 
cells in a memory array according to the present disclosure; 

FIG. 7B shows effects of aggressor cells on a threshold 
Voltage distribution of a victim cell according to the present 
disclosure; 
FIG.7C shows an overall threshold voltage distribution of 

victim cells when the victim cells are unaffected by aggressor 
cells according to the present disclosure; 

FIG. 7D shows an overall threshold voltage distribution of 
victim cells when the victim cells are affected by aggressor 
cells according to the present disclosure; 

FIG. 8 shows a histogram of bin index according to the 
present disclosure; 

FIG. 9A is a functional block diagram of a memory inte 
grated circuit (IC) including a control module for compensat 
ing inter-cell interference according to the present disclosure; 
FIG.9B shows layout of memory for storing soft informa 

tion and aggressor state information according to the present 
disclosure; 

FIG. 10 is a histogram of bin index according to the present 
disclosure; 

FIG. 11 illustrates the difference between the amount of 
memory required to store aggressor state information before 
and after mapping the aggressor state information to distri 
bution numbers according to the present disclosure; 

FIGS. 12A and 12B illustrate the process of compressing 
the mapping information according to the present disclosure; 

FIG. 13 is a functional block diagram of a system including 
a discovery module that discovers an inter-cell interference 
pattern of a memory IC according to the present disclosure; 

FIG. 14 shows a flowchart of a method for compensating 
inter-cell interference according to the present disclosure; 
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6 
FIG. 15 shows a flowchart of a method for decoding data 

using inter-cell interference cancellation according to the 
present disclosure; and 

FIG. 16 shows a flowchart of a method for detecting a 
pattern of aggressor cells in a memory IC according to the 
present disclosure. 

DESCRIPTION 

The present disclosure relates to canceling inter-cell inter 
ference in flash memory. In flash memory, when new data is 
written in memory cells along a word line, the newly written 
data affects data written earlier in memory cells along adja 
cent word lines. Accordingly, the data written earlier in 
memory cells along adjacent wordlines experiences inter-cell 
interference from the newly written data. 
The inter-cell interference is data dependent. That is, the 

inter-cell interference depends on a data pattern of the newly 
written data. To correct the effects of inter-cell interference on 
data stored in memory cells along a word line, the memory 
cells along the word line can be read repeatedly. Information 
obtained by repeatedly reading the memory cells along a 
word line is used to decode the data stored in the memory cells 
along the word line. 
The present disclosure relates to canceling the effects of 

inter-cell interference on data stored in memory cells along a 
word line by reading the memory cells along the word line 
and also reading memory cells in adjacent word lines. Infor 
mation obtained by reading memory cells in the adjacent 
word lines is used to compensate effects of inter-cell interfer 
ence on data stored in memory cells along the word line. 
Accordingly, data stored in memory cells along a word line is 
decoded using information obtained by reading the memory 
cells along the word line and by reading the memory cells 
along adjacent word lines. 

Before describing inter-cell interference and inter-cell 
interference cancellation in detail, threshold voltage distribu 
tions of flash memory cells are explained. Additionally, gen 
erating soft information including bin indexes and log-likeli 
hood ratios for memory cells according to the present 
disclosure is explained. The Soft information is used to cancel 
inter-cell interference as explained below. 

In some memory systems such as flash memory systems, 
memory cells store data by trapping granulized amounts of 
charge in an isolated region of a transistor called a floating 
gate. Data stored in a memory cell (e.g., a transistor as 
explained below) is read by applying a Voltage to the transis 
torandestimating the readout current, which is determined by 
the amount of charge trapped. When the applied Voltage is 
greater than or equal to the threshold Voltage of the transistor, 
which is determined by the amount of charge trapped, the 
transistor turns on, and the readout current is high. 
Memory cells may store one or more bits per cell and may 

be called single-level or multi-level memory cells, respec 
tively. A single-level memory cell may store one bit of infor 
mation. For example only, the bit may be logic 0 when charge 
is stored in the memory cell or logic 1 when no charge is 
stored in the memory cell. 
The multi-level memory cells may store more than one bit 

of information by storing varying amounts of charge or 
charge levels. For example, Suppose Q is the maximum 
amount of charge that can be trapped in a multi-level memory 
cell. More than one bit of information can be stored in such a 
memory cell by storing a granulized amount of charge 
between 0 and Q. For example only, two bits of information 
may be stored in one multi-level memory cell by trapping any 
one of four levels of charges: 0, Q/3, 2G/3. Q. 
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The process of trapping charge is called programming. The 
various levels of trapped charges translate into different 
threshold voltages for the memory cell. The data stored in the 
memory cell can be read by estimating the amount of charge 
stored in the memory cell. The amount of charge stored in the 
memory cell is estimated by applying a Voltage and reading 
the current. When the current becomes high, the applied 
Voltage is compared to one of the reference Voltages. The 
reference Voltages correspond to various states and corre 
sponding threshold Voltages of the memory cell, which 
depend on the amount of charge trapped in the memory cell. 

In FIG. 4A, an example of a threshold voltage distribution 
for a 3-bit memory cell is shown. The 3-bit memory cell is 
used for example only. The discussion is applicable to any 
N-bit memory cell having 2" nominal threshold voltages and 
(2'-1) reference Voltages, where N is an integer greater than 
1. 
The 3-bit memory cell can store up to eight different levels 

of charge, where each charge level corresponds to one of eight 
different states. Accordingly, the threshold voltage distribu 
tion of the memory cell includes eight different nominal 
threshold Voltages. The eight nominal threshold Voltages are 
associated with the eight levels of charge that can be stored in 
the memory cell, respectively. Although cells to be pro 
grammed to a desired State are programmed to a charge level 
corresponding to the desired State, the actual charge stored in 
the cell when the cell is programmed to the desired state can 
differ, and results in a distribution of the threshold voltage 
around the nominal threshold Voltage. Accordingly, threshold 
Voltages can have a distribution instead of a single value. 

Intersections of adjacent charge levels define reference 
voltages that may be used to detect the data stored in the 
memory cell during read operations. Accordingly, the 3-bit 
memory cell has seven reference Voltages (V, through V,,) 
that are located where adjacent distribution curves intersect. 

The reference Voltages should be known during a read 
operation to determine the level of charge and consequently 
the data stored in the memory cell. Initially, the reference 
Voltages are set at the time of manufacture. Subsequently, 
during normal read operations, the threshold Voltage of the 
memory cell is measured (by applying a Voltage to the gate 
and measuring the drain current) and compared to the seven 
reference Voltages to determine the data stored in the memory 
cell (i.e., the state of the memory cell). 

For example only, when the threshold voltage is less than or 
equal to V, the data stored in the memory cell is 111. When 
the threshold Voltage is less than or equal to V, and greater 
than V, the data stored in the memory cell is 110, and so on. 
Finally, when the threshold voltage is greater than V, the 
data stored in the memory cell is 011. 

In FIG. 4B, memory cells such as the multi-level flash 
memory cells may be subjected to charge retention loss after 
repeated read, write, erase, and/or program operations (col 
lectively called cycling). For example, the oxide Surrounding 
the floating gates of the memory cells may degenerate after 
repeated cycling. Consequently, the threshold Voltage distri 
butions may change or drift after cycling as shown. Accord 
ingly, after cycling, data read using initial reference Voltages 
from before cycling may be incorrect. 
A read operation typically involves making a hard decision 

about the bits stored in memory cells. Consider a single-bit 
memory cell that can store either a 0 or a 1. Suppose the 
nominal threshold Voltages corresponding to the stored val 
ues (i.e., states) 0 and 1 are V and V, respectively. Without 
loss of generality, assume that Vo V. Since the single-bit 
memory cell can have two states 0 or 1, only one reference 
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8 
voltage V, set at the center of Vo and V is typically sufficient 
to detect the state of the single-bit memory cell. 
The threshold Voltages can vary over time due to usage, 

operating conditions (e.g., noise), and inter-cell interference 
(i.e., data currently being written in one cell affecting data 
previously written in a neighboring cell). If both the threshold 
Voltages are subjected to similar noise conditions, the refer 
ence Voltage V, can be set to the midpoint of Vo and V i.e., 
V, 0.5*(V-V). It can be shown that this setting of V, is 
optimal from a biterror rate (BER) perspective. The threshold 
Voltage of the cell (i.e., the Voltage at which drain current is 
high) is compared to V. If the threshold Voltage is greater 
than V, the cell is read as 0, and read as 1 otherwise. This is 
known as hard decision since the result of the read operation 
is a hard decision regarding the state of the memory cell. 

Generally, memory cells in one block or one page are read 
at a time. That is, a Voltage is applied to the memory cells in 
a page, and the cells are read as storing 0 or 1 depending on 
whether the threshold voltages of the cells are greater or less 
than the reference voltage. When noise levels are high or the 
threshold voltage distribution of the cells shifts due to usage 
and inter-cell interference, the hard decisions can be incorrect 
if the reference Voltage is not adjusted to account for the noise 
or the shift. Error-correcting decoders may be used to correct 
some errors. Not all the errors, however, may be corrected. 

Errors can be reduced by performing more reads instead of 
performing a single read when determining a threshold Volt 
age of a memory cell. Specifically, additional reads can be 
performed using additional reference Voltages to determine 
the threshold Voltage. By performing more reads, more infor 
mation can be collected about the data stored in the cells. The 
additional information collected by performing the additional 
reads is called soft information, which can be used by the 
decoder to correct errors. 

In FIG. 5, consider an example threshold voltage distribu 
tion of a single-bit cell that can store a 1 or a 0. The nominal 
Voltage levels corresponding to the two states of the cell are 
denoted as -1 and 1, respectively. For example only, -1 and 1 
may correspond to 1V and 4V, respectively. That is, in FIG. 5, 
V and Vo may be equal to 1V and 4V, respectively. 
Assume that three reference Voltages V,<V,<V, are 

used in three read operations to determine the threshold volt 
age of the cell. That is, the voltage applied to the cell is 
compared to the three reference voltages to determine the 
threshold voltage of the cell. The three reference voltages 
partition the real line comprising the threshold Voltage into 
four regions R-(-Oo, V., R (V, V., R (V, V, and 
RF(VOO). By performing three reads, the threshold voltage 
of the cell can be binned into one of the four regions or bins. 

Cells having threshold voltages in bin 0 are more likely to 
have stored a -1, and cells having threshold voltages in bin 3 
are more likely to have stored a 1. Cells having threshold 
voltages in bin1 and bin 2, however, could have storeda -1 or 
a 1. The uncertainty about the states of the cells in bins 1 and 
2 can be reduced by further increasing the number of reads. 
That is, the threshold voltage of a cell can be determined more 
accurately by increasing the number of reads. However, for 
practical purposes, the number of reads should be kept finite. 
The concept of soft information is now explained. Suppose 

a threshold voltage of a cell is in bin 0. The probability P that 
the state of the cell is 1 (i.e., X=1) given that the threshold 
voltage read (i.e.,Y) lies in bin 0 (i.e., Ye bin 0) is expressed 
as P(X=1|Ye bin 0). Similarly, the probability P that the state 
of the cell is -1 (i.e., X=-1) given that the threshold voltage 
read (i.e., Y) lies in bin 0 (i.e., Ye bin 0) is expressed as P 
(X=-1 Ye bin 0). If the threshold voltage of a cell is in bin 0. 
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the probability P (X=-1 Ye bin 0) is high relative to the 
probability P (X=1|Ye bin 0). 

These probabilities are computed for each cell, and log 
likelihood ratios (LLRs) are calculated from these probabili 
ties. Specifically, when a threshold voltage of a cell lies in one 
of the bins (i.e., when Y is known), a LLR can be computed to 
determine whether the actual threshold voltage (i.e., X) of the 
cell is 1 or -1. The LLR is expressed as log PCX=1|Y)/PCX=- 
1|Y). PCX=1|Y) is the probability that the actual threshold 
voltage X of the cell is 1 given Y (i.e., with the threshold 
voltage read being in a given bin). POX=-1|Y) is the prob 
ability that the actual threshold voltage X of the cell is -1 
given Y (i.e., with the threshold Voltage read being in a given 
bin). The sum of the probabilities P(X=1|Y) and P(X=-1|Y) 
is 1. That is, PCX=1|Y)+P(X=-1|Y)=1. 

The LLR is positive if P(X=1|Y) is greater than P(X=- 
1|Y), and the LLR is negative if P(X=1|Y) is less than POX=- 
1|Y). Accordingly, if the sign of LLR is positive, the actual 
threshold voltage of the cell is more likely to be 1, and if the 
sign of LLR is negative, the actual threshold Voltage of the 
cell is more likely to be -1. The absolute value of the magni 
tude of the LLR indicates confidence in the result. Higher the 
absolute value of the magnitude, greater the confidence in the 
result. In other words, the sign of LLR indicates the hard 
decision, and the absolute value of the magnitude of the LLR 
indicates the reliability of the hard decision. 

Thus, when a single read is performed to read a block of 
cells, the result is a stream of hard decisions 1’s and -1s 
associated with the cells. On the other hand, when multiple 
reads are performed, the result is bin numbers associated with 
the cells. The states of the cells in right-most and left-most 
bins are 1 sand-1s, respectively, with high reliability. Infor 
mation about the states of the cells in the right-most and 
left-most bins is the soft information that can be used by the 
decoder in determining the states of the remaining cells 
whose states are uncertain. 

The reference voltages for multiple reads can be set as 
follows. In general, the process of performing treads can be 
interpreted as dividing a real line on which the threshold 
Voltages lie into (t+1) regions and binning the threshold Volt 
age of a cell to one of the regions. More generally, this process 
can be interpreted as a channel with two inputs (-1 and 1) and 
(t+1) outputs (i.e., the (t+1) regions orbins). For example, as 
shown in FIG. 5, by performing three reads, the threshold 
Voltage of a cell can be binned into one of the four regions or 
bins. 
When calculating reference voltages, probabilities and 

LLRs associated with each bin are also calculated. The LLRs 
are assigned to respective bins. Like the reference Voltages, 
the LLR values can be symmetrical around the center of the 
threshold voltage distribution. For example, the LLR value 
forbin 0 can be the same as the LLR value forbin 3 except for 
the change of sign. Similarly, the LLR value for bin 1 can be 
the same as the LLR value for bin 2 except for the change of 
sign, and so on. 

Currently, LLRs are assigned based on a bin index. A bin 
index of a memory cell indicates a location of threshold 
voltage distribution of the memory cell. The location is rela 
tive to reference voltages used to read the memory cell. 
Memory cells having the same bin index are assigned the 
same LLR. To compensate for inter-cell interference, how 
ever, states of neighboring cells also need to be considered. 
Two cells with the same bin index can have different LLRs if 
neighboring cells of the two cells have different states. 

In FIGS. 6A and 6B, the memory array 12 includes the 
memory cells 14 located along word lines WL0, WL1, ..., 
WLn, and bit lines BL0, BL1,..., BLn as shown, where n is 
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10 
an integer greater than 1. Suppose, for example only, that the 
memory cells 14 store 2-bits per cell. Data is stored in the 
memory cells 14 in pages. Since the memory cells 14 store 
2-bits per cell, each word line will be associated with 2 pages: 
a first page (e.g., page A) where a first bit of the 2-bits of each 
memory cell along a word line is stored; and a second page 
(e.g., page B) where a second bit of the two bits of each 
memory cell along the word line is stored. 
The pages are generally programmed in a predetermined 

order. Manufacturers optimize the order of programming 
pages to minimize inter-cell interference. For example, the 
order may be as shown in FIG. 6B: pages 0, 1, 2, and 3 may be 
along word lines 0, 1, 2, and 3, respectively; pages 4, 5, 6, and 
7 may be along word lines 0, 1, 2, and 3, respectively; pages 
8 and 9 may be respectively along word lines 4 and 5; pages 
10 and 11 may be respectively along word lines 4 and 5; and 
SO. O. 

The pages are programmed in the following order: word 
line 0 is programmed to program page 0; word line 1 is 
programmed to program page 1; word line 2 is programmed 
to program page 2; word line 3 is programmed to program 
page 3; then word line 0 is programmed to program page 4. 
word line 1 is programmed to program page 5; and so on. 

Accordingly, pages 0 and 4, instead of pages 0 and 1, will 
be along the word line 0. Instead, if pages 0 and 1 were along 
the word line 0, and if pages 2 and 3 were along the word line 
1, pages 0 and 1 will be programmed first, followed by pages 
2 and 3. Programming pages 2 and 3 after having pro 
grammed pages 0 and 1, however, will affect the data written 
in pages 0 and 1. Instead, if pages are programmed as shown 
in FIG. 6B, effect of data already written on page 1 along 
word line 1 can be taken into account while writing page 4 on 
word line 0. 

Although the manufacturers optimize the order to mini 
mize inter-cell interference, some inter-cell interference may 
still persist. The manufacturer's order is fixed for a device 
type. For example, a 3-bits-per-cell memory integrated circuit 
manufactured using 19 nanometer process may have a fixed 
programming order optimized for that device. Based on the 
manufacturer's order, the inter-cell interference in the device 
may follow a pattern. The pattern can be recognized and 
compensated. 

Compensation data can be generated for the device after 
the device is manufactured and before a user begins using the 
device to store data. The compensation data can be added to 
the device before a user begins using the device to store data. 
The compensation data can be used to compensate inter-cell 
interference throughout the useful life of the device. 

FIGS. 7A-7D are used to explain inter-cell interference. In 
FIG. 7A, when data is written to a "cell in an i' word line 
(i.e., a cellatan intersection of' word lineandi" bit line), the 
data is affected by data previously written in one or more 
neighboring cells. The j" cell in the i' word line that is 
affected by the neighboring cells is called a victim cell (V). 
The neighboring cells that affect the victim cell are called 
aggressor cells (A). 
The aggressor cells affect the victim cell due to a coupling 

between the aggressor cells and the victim cell. The aggressor 
cells are located adjacent to the victim cell. For example, an 
aggressor cell can be located in word lines j+1 and/or j-1 
adjacent to the word linejin which the victim cell is located. 
The aggressor cell can also be located in bit lines i-1 and/or 
i+1 adjacent to the bit line i in which the victim cell is located. 

In FIG. 7B, the threshold voltage distribution of a victim 
cell is a function of the state of one or more aggressor cells. 
For example only, assume that the cells can store 2-bits-per 
cell (i.e., each of the cells can have one of four possible 
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states). Suppose that two victim cells V1 and V2 are affected 
by two aggressor cells A1 and A2. Suppose, for example only, 
that the aggressor cell A1 is charged to the highest state (state 
4) and that the aggressor cell A2 is charged to the lowest state 
(state 1). Suppose further, for example only, that the victim 
cells V1 and V2 are programmed to the second state. 

Since the aggressor cell A2 is programmed to the lowest 
state, the state of the aggressor cell A2 may not interfere with 
the state of the victim cell V2. Consequently, the threshold 
voltage distribution of the victim cell V2 will appear normal 
as shown. Since the aggressor cell A1 is programmed to the 
highest state, the state of the aggressor cell A1 may interfere 
with the state of the victim cell V1. Consequently, the thresh 
old voltage distribution of the victim cell V1 may shift to the 
right as shown. Accordingly, when the victim cells V1 and V2 
are read, without knowing the State of the aggressor cells A1 
and A2, the threshold voltage distribution of the victim cells 
V1 and V2 will appear as a single distribution, which in fact 
is a sum of the normal distribution and the shifted distribution 
as shown. 
Now suppose that N cells along a word line are pro 

grammed to the second state. Each of the N cells will have a 
neighboring cell. Each of the neighboring cells can have one 
of four possible states. Accordingly, the Ncells can be divided 
into four groups. A first group of N/4 cells can have neigh 
boring cells programmed to state 1. A second group of N/4 
cells can have neighboring cells programmed to state 2. A 
third group of N/4 cells can have neighboring cells pro 
grammed to state 3. A fourth group of N/4 cells can have 
neighboring cells programmed to state 4. 

In FIG. 7C, if the neighboring cells are programmed to 
state 1, the neighboring cells will have no impact on the 
threshold voltage distribution of the N cells. Therefore, the 
threshold voltage distribution of the cells in each of the four 
groups will appear as normal. The overall threshold Voltage 
distribution of the N cells will be a sum of the distributions of 
the four groups as shown. 

In FIG. 7D, if the neighboring cells are programmed to 
states 1 through 4, however, the neighboring cells will impact 
the threshold voltage distribution of the N cells as shown. 
Therefore, the threshold voltage distribution of the cells in 
each of the four groups will appear shifted as shown. The 
overall threshold voltage distribution of the N cells will be a 
sum of the distributions of the four groups as shown. The 
threshold voltage distribution of the N/4 cells in the fourth 
group may have in fact shifted by nearly one state, which will 
not be detectable by simply detecting the overall distribution 
unless the states of the neighboring states are taken into 
consideration. 

Therefore, to compensate for inter-cell interference, 
instead of assigning the same LLR to two cells having the 
same bin index, a different LLR can be assigned to each cell 
if the neighboring cell of each cell has a different state. For 
example, if two victim cells V1 and V2 have the same state 
(e.g., state 2), and if their respective aggressor cells A1 and 
A2have different states (e.g., A1 has state 4, and A2 has state 
1), V1 can be assigned a different LLR than V2 to distinguish 
the threshold voltage distribution of V1 from that of V2 
although the overall distribution (and hence the bin index) of 
V1 and V2 is the same. 

In FIG. 8, a histogram for a memory device having memory 
cells capable of storing 3-bits-per-cell is shown. Each cell can 
have one of eight possible states. Note that instead of a single 
overall distribution, three distinct threshold voltage distribu 
tions can be observed. Also, eight separate distributions cor 
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responding to eight separate States are not observed since 
cells having some of the states cause similar inter-cell inter 
ference. 

For example, cells having states 1,3,5, and 7 cause similar 
inter-cell interference; cells having states 0, 4, and 6 cause 
similar inter-cell interference; and cells having state 2 cause 
similar inter-cell interference. Accordingly, while the cells 
can have eight possible states, only three threshold Voltage 
distributions cause inter-cell interference. 
The inter-cell interference pattern is device-dependent. 

That is, the inter-cell interference pattern observed for a 
memory device is the same for all units of the memory device 
manufactured using the same process. Further, the inter-cell 
interference pattern (i.e., a pattern of aggressor cells causing 
inter-cell interference to victim cells) does not change 
throughout the life of the memory device although the 
memory device ages due to usage. The inter-cell interference 
pattern of a memory device is therefore a signature charac 
teristic of the memory device. 
The inter-cell interference pattern of a memory device is 

based on the programming sequence or order of program 
ming pages that is optimized for the device by the memory 
device manufacturer. Accordingly, for a memory device, the 
inter-cell interference pattern can be studied by selecting a 
victim cell and analyzing impact of one or more aggressor 
cells. The aggressor cells may be located along the same bit 
line and/or the same word line as the victim cell. Alternatively 
or additionally, the aggressor cells may be located along an 
adjacent word line and/or bit line. 

In FIGS. 9A and 9B, a memory integrated circuit (IC) 100 
detects and compensates inter-cell interference according to 
the present disclosure as follows. In FIG.9A, the memory IC 
100 includes the memory array 12, a WL/BL decoder module 
102, and a control module 104. The control module 104 
includes a read module 110, a reference voltage module 112, 
a binning module 114, an aggressor state determination mod 
ule 116, an LLR module 118, a compensation module 120, a 
mapping module 122, and a decoder module 124. 
The read module 110 reads states of memory cells selected 

by the WL/BL decoder module 102 in the memory array 12. 
The reference voltage module 112 generates reference volt 
ages to read the memory cells. The binning module 114 
divides threshold voltage distributions of the memory cells 
into a plurality of bins based on the reference voltages used to 
read the memory cells. The binning module 114 generates a 
bin index for each memory cell based on read operations 
performed on the memory cells using the reference Voltages. 
The aggressor state determination module 116 determines 

states of aggressor cells that affect a victim cell and deter 
mines a combined State called an aggressor state for the 
aggressor cells that affect the victim cell as explained below. 
The LLR module 118 generates an LLR based on a combi 
nation of the bin index and the aggressor State for each 
memory cell. The compensation module 120 compensates 
(cancels) the inter-cell interference based on the LLRs. The 
mapping module 122 maps the aggressor States to threshold 
Voltage distributions of the aggressor cells to optimize the 
aggressor State information as explained below. In use, the 
decoder module 124 decodes data read from the memory 
array 12 after the inter-cell interference is compensated in 
case of an error. 
The operations of these modules are now explained in 

detail. As mentioned above, to account for inter-cell interfer 
ence, the bin index should also reflect the states of the neigh 
boring cells. The cell for which an LLR is computed is called 
a victim cell. The neighboring cells that cause inter-cell inter 
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ference to the victim cell are called aggressor cells. An 
aggressor state is generated as follows. 

Suppose, in a 2-bits-per-cell memory device for example, a 
victim cell is affected by two aggressor cells, each of which 
can have one of four possible states. In this example, the two 
aggressor cells can have a total of 16 states, and four bits of 
memory will be necessary to store a combined state of the two 
aggressor cells. The combined State of the two aggressor cells 
is called the aggressor state. 

In the example shown in FIG. 8, while a total of eight 
possible states can have eight corresponding threshold Volt 
age distributions, only three of the eight distributions cause 
inter-cell interference since some states do not cause interfer 
ence and some states cause similar interferences. Accord 
ingly, only three distributions need to be considered for inter 
cell interference purposes. 

Similarly, while there are 16 possible states for the two 
aggressor cells, some of the 16 possible states will not cause 
inter-cell interference, and some of the 16 possible states will 
cause similar interferences. Accordingly, the total number of 
distributions that will cause inter-cell interference will be less 
than 16. Therefore, less than four bits will be necessary to 
store the aggressor state of the two aggressor cells. 

In FIG. 9B, an example of generating and storing soft 
information (bin index information) and aggressor State 
information for a victim cell is shown. The read module 110 
reads a page of memory cells multiple times using multiple 
reference Voltages, where the page includes victim cells (and 
possibly aggressor cells). Based on the multiple read opera 
tions, the binning module 114 generates Soft information (bin 
index information) for each victim cell and stores the soft 
information in a first set of six bits (bit Zero through bit five) 
for each victim cell. 
The read module 110 reads one or more adjacent pages of 

memory cells, where the adjacent pages include the aggressor 
cells for the victim cells. Additionally, the read module 110 
may also read the page that includes the victim cells if the 
page that includes the victim cells also includes aggressor 
cells. The aggressor State determination module 116 deter 
mines the states of the aggressor cells, generates the aggressor 
states, and stores the aggressor state information for each 
victim cell in a second set of six bits (bit six through bit 11). 
Accordingly, bits 0 to 11 form a metric that includes the soft 
information and the aggressor state information for the victim 
cell and that indicates inter-cell interference caused by the 
aggressor cells to the victim cell. Based on the metric, the 
LLR module 118 can generate LLRs to cancel the inter-cell 
interference caused by the aggressor cells to the victim cell. 

While the first set of six bits indicates a location of the 
threshold voltage distribution of the victim cell, the second set 
of six bits indicates a number of distributions of the aggressor 
cells (for example, 3 distributions shown in FIG. 8), causing 
inter-cell interference to the victim cell. The read module 110 
distinguishes the read operations performed to generate soft 
information from the read operations performed to generate 
aggressor State information. For example, a bit in a descriptor 
field can be used to distinguish the read operations. Accord 
ingly, data obtained from read operations can be routed to 
update information stored in appropriate memory locations. 
Other ways can be used to distinguish the read operations. 
The aggressor cells can be parameterized by word line 

number and bit line number of the aggressor cells. Specifi 
cally, for each victim cell, locations of corresponding aggres 
sor cells can be specified in terms of offsets of word line 
numbers and bit line numbers. For example, in FIG. 7A, if a 
victim cell is located at word line i and bit line j, aggressor 
cells may be located at word line i+1 and bit line j-1, word 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
line i and bit line j-1, and/or word line i+1 and bit line j. The 
parameters or offsets provide a spatial indication of where the 
aggressor cells are located with respect to a victim cell. 

Accordingly, an inter-cell interference pattern for a 
memory device can be specified in terms of offsets of word 
line numbers and bit line numbers of victim cells and corre 
sponding aggressor cells. The read module 110 utilizes the 
inter-cell interference pattern to perform read operations and 
includes the offset information in the data generated from 
each read operation so that the soft information and aggressor 
state information can be properly updated. 

For example, for a victim cell on bit linej, the aggressor cell 
can be on bit line j+k, where k is any integer. Accordingly, 
data from each read operation should include the value of k. 
For example, let the aggressor cell be at word line i+1 and bit 
line j+1. In this case, when a page in word line i+1 is read, a 
descriptor is programmed to indicate that data from the read 
operation includes aggressor State information with k=1. So 
the value for bit line m in a new read should go into the bin 
index memory forbit line m-1. Another aggressor cell can be 
at word line i+2 and bit line j-1. In this case, when a page in 
word line i+2 is read, the descriptor is programmed to indicate 
that data from the read operation includes aggressor State 
information with k=-1. In this case, the value forbit line m in 
the new read should go into the bin index memory forbit line 
m+1. 

After all of the soft information and the aggressor state 
information is obtained, the LLR module 118 generates an 
LLRs for each cell based on the soft information and the 
aggressor state information obtained. During normal opera 
tion, when a page read by the read module 110 has an error 
due to inter-cell interference, the compensation module 120 
corrects the error based on the LLRs of the cells in the page. 

Specifically, the LLR module 118 generates the LLRs in 
the form of a set of tables, one table for each possible aggres 
sor state. If k bits are needed to store the aggressor state, 2 
tables would be needed to store the LLRs. This could drasti 
cally increase the amount of memory needed to store the 
LLRS and the amount of time needed to program the tables. 
As explained above with reference to FIG. 8, however, if there 
are a total of 2 aggressor states, effects of some of the states 
will be similar, and in general. Some states can be grouped 
into one state. A group of States of an aggressor cell having 
similar inter-cell interference effect on a victim cell is called 
a distribution. 

For example, in FIG. 8, while an aggressor cell can have a 
total of eight states, only three distributions, each of which 
includes a group of states, affects a victim cell, and will 
therefore result in three LLR tables instead of eight LLR 
tables. Accordingly, the total number of tables will be equal to 
the number of distributions rather than the number of states. 
The tables provide LLRs, which are integers. For a bin index 
value for a victim cell, and for an aggressor state of the 
aggressor cells corresponding to the victim cell, a table pro 
vides an LLR value. 

In FIG. 10, the concept of LLR tables is explained. For 
example only, consider a 2-bit-per-cell memory device. Sup 
pose that the victim cell is located at word line i and bit line j. 
which is indicated by (i,j). Suppose further that two aggressor 
cells causing inter-cell interference to the victim cell are 
located at (i, j-1) and (i, j+1). The two aggressor cells can 
have a total of 16 possible states. 

Depending on the inter-cell interference caused by the 16 
states, the 16 possible states can be grouped into three distri 
butions, where states grouped into one distribution cause 
similar inter-cell interference: distribution 0, distribution 1, 
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and distribution 2. Suppose the four states of each 2-bit-per 
cell are denoted by 0, 1, 2, and 3. 

Distribution 0 corresponds to or represents threshold volt 
age distributions of nine of the 16 states: 0,0,0,1), 0.2. 
1,0,1,1,1,2, 2.0, 2.1, and 2.2. Distribution 1 corre 
sponds to or represents threshold voltage distributions of six 
of the 16 states: 3.0, 3.1, 3.2, 0.3, 1.3, and 2.3. 
where at least one aggressor cell is programmed to the highest 
state 3. Distribution 2 corresponds to or represents threshold 
voltage distribution of one of the 16 states: 3.3, where both 
aggressor cells are programmed to the highest state 3. 

To store a state such as x,y, four bits are needed. However, 
16 different tables are not necessary for the four bits since the 
tables for some of the states that cause similar inter-cell 
interference will be the same. For example, the table for the 
states 0,0 and 2.0 will be the same since the inter-cell 
interference caused by these states have the same threshold 
Voltage distribution. 

Therefore, the mapping module 122 maps the aggressor 
states to distribution numbers. For example, in the example 
shown in FIG. 10, the mapping module 122 maps the nine 
aggressor states corresponding to distribution 0 to the distri 
bution number 0, the six states corresponding to distribution 
1 to the distribution number 1, and the one state correspond 
ing to distribution 2 to the distribution number 2. 

Accordingly, four bits of aggressor State information is 
compressed to two bits, which are required to store a distri 
bution number 0, 1, or 2. The number of tables is reduced to 
the number of distribution numbers (e.g., three tables for 
three distributions instead of 16 tables for 16 states in the 
example shown in FIG. 10). The LLR module 118 generates 
one LLR table for each distribution number. 

In FIG.9B, for example, the distribution numbers are writ 
ten in the aggressor State memory starting from bit 6. Accord 
ingly, in one example, to store eight distribution numbers, 
only bits 6, 7, and 8 may be necessary. This will save memory 
since bits 9, 10, and 11, which would otherwise be necessary 
to store larger aggressor state information, will not be 
required to store fewer distribution numbers. 

In FIG. 11, an example of a 2-bit-per-cell device shows the 
difference between the amount of memory required to store 
aggressor state information before mapping and the amount 
of memory required to store distribution numbers after map 
ping. Before mapping aggressor states to distribution num 
bers, bits 6 and 7 contain state of aggressor cell (i-1), and 
bits 8 and 9 contain state of aggressor cell (i,j+1). After 
mapping aggressor states to distribution numbers, bits 6 and 
7 contain the distribution numbers. 

In FIGS. 12A and 12B, the mapping module 122 can com 
press the mapping information to free up more bits in the 
aggressor State memory to enable reading more aggressor 
cells (e.g., in future devices). Since the number of aggressor 
states can be much more than the number of distributions, the 
aggressor State to distribution number lookup table can be 
large. 

For example, if the aggressor state is determined by 9 bits 
and total number of distributions is 8, the lookup table will 
have 512 entries. Moreover, ifaggressor state memory is only 
6 bits, this aggressor pattern cannot be supported unless map 
ping information can be compressed as follows. The aggres 
Sor state to distribution number mapping can be performed in 
multiple steps to Support this case. 

In FIG. 12A, for example only, again consider a 2-bit-per 
cell memory device in which aggressor state is determined by 
4 bits but there are only 3 distributions (this is for illustration 
purposes only—in practice, the aggressor state may be deter 
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mined by 9 bits). Now assume that we have only 3 bits for 
aggressor State memory. The mapping can be achieved in the 
following two steps. 

In the first step, the read module 110 reads the state of 
aggressor cell (i-1) and it is stored in bits 6 and 7. At this 
point, a mapping from aggressor state to distribution number 
is performed according to the table shown in FIG. 12A. The 
distribution number is now contained in bit 6. 

In FIG. 12B, in step 2, the read module 110 reads the 
aggressor cell (i+1) and stores the state in bits 7 and 8. 
Another mapping from aggressor state to distribution number 
is performed using the table shown in FIG. 12B. The distri 
bution number is now contained in bits 6 and 7. 

In use, for example, the inter-cell interference caused by 
aggressor cells, whose state information is compressed and 
stored in bits 7 and 6, on a victim cell, whose bin index is 
stored in the soft information memory (bits 0-5 shown in FIG. 
9B), is canceled as follows. From bits 7 and 6, a table number 
ofa LLR table (e.g., table corresponding to distribution num 
ber 0, 1, or 2 respectively denoted by 00, 01, or 10 in FIG. 
12B) is obtained. Then an LLR entry in the LLR table corre 
sponding to the bin index of the victim cell is obtained. The 
LLR is used to cancel the inter-cell interference caused by the 
aggressor cells on the victim cell. 

For a memory device, the inter-cell interference pattern, 
which is a signature of the memory device, can be detected, 
and the LLR tables can then be generated based on the 
detected inter-cell interference pattern and provided to the 
manufacturer for incorporation into the memory device for 
interference cancellation. The discovery step, which includes 
detecting aggressor cells and their effect, is performed offline 
(once after the device is manufactured) as follows. 

In FIG. 13, a discovery module 200 determines the inter 
cell interference pattern of a memory integrated circuit 202. 
The discovery module 200 includes a cell selection module 
204, a read/write data generation module 206, an aggressor 
cell detection module 208, and an interference pattern detec 
tion module 210. The cell selection module 204 selects a 
victim cell and selects neighboring cells to determine whether 
any of the neighboring cells are aggressor cells. 
The read/write data generation module 206 writes all pos 

sible states in the victim cell and the aggressor cells and, for 
each state written to the victim cell and each aggressor cell, 
reads back data written to the victim cell. Based on the read/ 
write operations, the aggressor cell detection module 208 
detects aggressor cells for each victim cell by detecting which 
states of which neighboring cells cause inter-cell interference 
with the victim cell. Based on the detected aggressor cells, the 
interference pattern detection module 210 detects the inter 
ference pattern, which is a signature characteristic of the 
memory integrated circuit 202. 
The outcome of the discovery step is a list of 3-tuples 

(a,b,c), where a is the offset in word line number, b is the 
offset in the bit line number, and c is the type of page in the 
aggressor word line. The reason for having c is that it is 
possible in some devices that the inter-cell interference is not 
dependent on some bit in a word line. For example, MSB 
(most significant bit) and CSB (center significant bit) could 
determine inter-cell interference and not LSB (least signifi 
cant bit). Essentially, the discovery step generates a vector 
that indicates, for a given type of memory device, for a victim 
cell (i,j) which are the aggressor cells. 

For example, in a 2-bit-per-cell memory device manufac 
tured using a 24 nanometer process, a victim cell (i,j) is 
affected by aggressor cells (i-1), (i,j+1), and (i+2). Each 
aggressor cell has two bits. Accordingly, the output of the 
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discovery step would include an inter-cell interference pat 
tern, indicating locations of aggressor cells for each victim 
cell, and would be as follows. 

Inter-cell interference of aggressor cell (i-1) on the vic 
tim cell (i,j) is: (0,-1,0), and (0,-11), where word line offset 
a=0, bit line offset b=-1, and c=0 and 1 since both bits of the 
aggressor cell (i-1) are causing interference. 

Inter-cell interference of aggressor cell (i,j+1) on the vic 
tim cell (i,j) is: (0,1,0), and (0,1,1), where word line offset 
a=0, bit line offset b=1, and c=0 and 1 since both bits of the 
aggressor cell (i,j+1) are causing interference. 

Inter-cell interference of aggressor cell (i+2,j) on the vic 
tim cell (i,j) is: (2.0.0), and (2,0,1), where word line offset 
a=2, bit line offset b=0, and c=0 and 1 since both bits of the 
aggressor cell (i+2,j) are causing interference. 

For example, in a 3-bit-per-cell memory device manufac 
tured using a 27 nanometer process, a victim cell (i,j) is 
affected by aggressor cell (i+1). The output of the discovery 
step would include an inter-cell interference pattern, indicat 
ing locations of aggressor cells for each victim cell, and 
would be as follows. 

Inter-cell interference of aggressor cell (i+1j) on the vic 
tim cell (i,j) is: (1,0,0), (1,0,0), and (1.0.2), where word line 
offseta=1, bit line offset b=0, and c=0, 1, and 2 since all three 
bits of the aggressor cell (i+1j) are causing interference. 

In the future, in a hypothetical 3-bit-per-cell memory 
device, a victim cell (i,j) may be affected by aggressor cells 
(i+1j), (i+1-1), and (i+1+1). The output of the discovery 
step would include an inter-cell interference pattern, indicat 
ing locations of aggressor cells for each victim cell, and 
would be as follows. 

Inter-cell interference of aggressor cell (i+1) on the vic 
tim cell (i,j) would be: (1,0,0), (1,0,1), and (10.2), where 
word line offset a-1, bit line offset b=0, and c=0, 1, and 2 
since all three bits of the aggressor cell (i+1) would cause 
interference. 

Inter-cell interference of aggressor cell (i+1-1) on the 
victim cell (i,j) would be: (1,-1,0), (1,-11), and (1.-1.2). 
where word line offset a-1, bit line offset b=-1, and c=0, 1, 
and 2 since all three bits of the aggressor cell (i+1j-1) would 
cause interference. 

Inter-cell interference of aggressor cell (i+1+1) on the 
victim cell (i,j) would be: (1,1,0), (1,1,1), and (1,1,2), where 
word line offset a-1, bit line offset b=1, and c=0, 1, and 2 
since all three bits of the aggressor cell (i+1j+1) would cause 
interference. 

It can be seen that if the output of the discovery step is a list 
of size k, then k bits are needed to store the aggressor State 
information. Ifk-6, then multistep mapping explained above 
with reference to FIGS. 12A and 12B needs to be employed to 
compress the aggressor state information. The discovery step 
also consists of providing the intermediate aggressor State to 
distribution number mapping tables. The discovery step also 
provides information necessary to compute LLRs for differ 
ent distributions. 

In FIG. 14, a method 250 for compensating inter-cell inter 
ference according to the present disclosure is shown. At 252, 
control reads a first page multiple times, generates Soft infor 
mation, and stores the Soft information in a first set of memory 
bits. At 254, control reads a second page adjacent to the first 
page, generates the aggressor State information based on 
combined States of the aggressor cells, and stores the aggres 
Sor state information in a second set of memory bits. 
At 256, control maps the aggressor State information to 

distribution numbers and updates the aggressor state infor 
mation stored in the second set of bits with the distribution 
numbers. At 258, control compresses the aggressor State 
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information, including the distribution numbers by optimiz 
ing the distribution numbers. At 260, control generates an 
LLRS based on the soft information and the aggressor State 
information and generates one LLR table per distribution 
number. 

In FIG. 15, a method 300 for decoding data using inter-cell 
interference cancellation according to the present disclosure 
is shown. At 302, in use, control reads a page and generates 
soft information. At 304, control determines if an error 
occurred and reading a cell in the page. At 314, if no error 
occurs, control decodes data. At 306, if an error occurs, con 
trol reads aggressor cells corresponding to the cell and gen 
erates aggressor State information. At 308, control locates a 
distribution number for the aggressor state. At 310, in the 
LLR table for the distribution number, control locates an LLR 
for the entry corresponding to the soft information of the cell. 
At 312, control compensates interference using the LLR. At 
314, control decodes the data in the page. 

In FIG. 16, a method 350 for detecting a pattern of aggres 
Sor cells in the memory integrated circuit according to the 
present disclosure is shown. At 352, control programs each 
cell and its neighboring cells to different states. At 354, for 
each cell, control detects the neighboring cells that cause 
inter-cell interference (aggressor cells). At 356, control deter 
mines the inter-cell interference pattern for the memory inte 
grated circuit. 
The foregoing description is merely illustrative in nature 

and is in no way intended to limit the disclosure, its applica 
tion, or uses. The broad teachings of the disclosure can be 
implemented in a variety of forms. Therefore, while this 
disclosure includes particular examples, the true scope of the 
disclosure should not be so limited since other modifications 
will become apparent upon a study of the drawings, the speci 
fication, and the following claims. For purposes of clarity, the 
same reference numbers will be used in the drawings to 
identify similar elements. As used herein, the phrase at least 
one of A, B, and C should be construed to mean a logical (A 
or B or C), using a non-exclusive logical OR. It should be 
understood that one or more steps within a method may be 
executed in different order (or concurrently) without altering 
the principles of the present disclosure. 

In this application, including the definitions below, the 
term module may be replaced with the term circuit. The term 
module may refer to, be part of, or include an Application 
Specific Integrated Circuit (ASIC), a digital, analog, or mixed 
analog/digital discrete circuit; a digital, analog, or mixed 
analog/digital integrated circuit; a combinational logic cir 
cuit; a field programmable gate array (FPGA); a processor 
(shared, dedicated, or group) that executes code; memory 
(shared, dedicated, or group) that stores code executed by a 
processor; other suitable hardware components that provide 
the described functionality; or a combination of some or all of 
the above, such as in a system-on-chip. 
The term code, as used above, may include Software, firm 

ware, and/or microcode, and may refer to programs, routines, 
functions, classes, and/or objects. The term shared processor 
encompasses a single processor that executes Some orall code 
from multiple modules. The term group processor encom 
passes a processor that, in combination with additional pro 
cessors, executes Some or all code from one or more modules. 
The term shared memory encompasses a single memory that 
stores some or all code from multiple modules. The term 
group memory encompasses a memory that, in combination 
with additional memories, stores some or all code from one or 
more modules. The term memory may be a subset of the term 
computer-readable medium. The term computer-readable 
medium does not encompass transitory electrical and electro 
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magnetic signals propagating through a medium, and may 
therefore be considered tangible and non-transitory. Non 
limiting examples of a non-transitory tangible computer read 
able medium include nonvolatile memory, Volatile memory, 
magnetic storage, and optical storage. 
The apparatuses and methods described in this application 

may be partially or fully implemented by one or more com 
puter programs executed by one or more processors. The 
computer programs include processor-executable instruc 
tions that are stored on at least one non-transitory tangible 
computer readable medium. The computer programs may 
also include and/or rely on stored data. 

What is claimed is: 
1. A system comprising: 
a read module configured to 

read memory cells along a first word line of a memory 
array by applying a plurality of threshold Voltages to 
the first word line; 

generate first information about a first memory cell 
located along the first word line and a first bit line of 
the memory array, the first information indicating a 
location of a threshold voltage distribution of the first 
memory cell relative to the plurality of threshold volt 
ageS, 

read a second memory cell located along (i) the first 
word line, (ii) a second word line near the first word 
line, or (iii) a second bit line near the first bit line; and 

generate second information about the second memory 
cell indicating a state of the second memory cell caus 
ing interference to the first memory cell; and 

a compensation module configured to compensate for the 
interference by assigning one or more of a log-likeli 
hood ratio and a hard decision to the first memory cells 
based on (i) the first information and (ii) a distribution 
number inferred from the second information of the 
second memory cell causing the interference to the first 
memory cell. 

2. The system of claim 1, wherein: 
one or more memory cells cause interference to the first 
memory cell; and 

the one or more memory cells includes the second memory 
cell. 

3. The system of claim 1, further comprising: 
a state determination module configured to determine 

states of one or more memory cells causing interference 
to the first memory cell, the one or more memory cells 
including the second memory cell, 

wherein the one or more memory cells are located along (i) 
the first word line, (ii) the second word line, or (iii) the 
second bit line, and 

wherein locations of the one or more memory cells depend 
on a predetermined sequence of programming the 
memory cells. 

4. The system of claim 3, further comprising: 
a mapping module configured to map one or more of the 

states causing similar interference to the distribution 
number, 

wherein the distribution number represents threshold volt 
age distributions of the one or more of the states causing 
the interference to the first memory cell. 

5. The system of claim 4, further comprising: 
a log-likelihood ratio module configured to generate the 

log-likelihood ratio corresponding to (i) the first infor 
mation and (ii) the distribution number, 

wherein the log-likelihood ratio is used to compensate for 
the interference to the first memory cell. 
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6. A method comprising: 
reading memory cells along a first word line of a memory 

array by applying a plurality of threshold Voltages to the 
first word line; 

generating first information about a first memory cell 
located along the first word line and a first bit line of the 
memory array, the first information indicating a location 
of a threshold voltage distribution of the first memory 
cell relative to the plurality of threshold voltages; 

reading a second memory cell located along (i) the first 
word line, (ii) a second word line near the first word line, 
or (iii) a second bit line near the first bit line; and 

generating second information about the second memory 
cell indicating a state of the second memory cell causing 
interference to the first memory cell; and 

compensating for the interference by assigning one or 
more of a log-likelihood ratio and a hard decision to the 
first memory cells based on (i) the first information and 
(ii) a distribution number inferred from the second infor 
mation of the second memory cell causing the interfer 
ence to the first memory cell. 

7. The method of claim 6, wherein: 
one or more memory cells cause interference to the first 
memory cell; and 

the one or more memory cells includes the second memory 
cell. 

8. The method of claim 6, further comprising: 
determining states of one or more memory cells causing 

interference to the first memory cell, the one or more 
memory cells including the second memory cell, 

wherein the one or more memory cells are located along (i) 
the first word line, (ii) the second word line, or (iii) the 
second bit line, and 

wherein locations of the one or more memory cells depend 
on a predetermined sequence of programming the 
memory cells. 

9. The method of claim 8, further comprising: 
mapping map one or more of the States causing similar 

interference to the distribution number, 
wherein the distribution number represents threshold volt 

age distributions of the one or more of the states causing 
the interference to the first memory cell. 

10. The method of claim 9, further comprising: 
generating the log-likelihood ratio corresponding to (i) the 

first information and (ii) the distribution number, 
wherein the log-likelihood ratio is used to compensate for 

the interference to the first memory cell. 
11. A system comprising: 
a read module configured to 

read memory cells along a first word line of a memory 
array by applying a plurality of threshold Voltages to 
the first word line; 

generate first information about a first memory cell 
located along the first word line and a first bit line of 
the memory array, the first information indicating a 
location of a threshold voltage distribution of the first 
memory cell relative to the plurality of threshold volt 
ageS, 

read a second memory cell located along (i) the first 
word line, (ii) a second word line near the first word 
line, or (iii) a second bit line near the first bit line; and 

generate second information about the second memory 
cell indicating a state of the second memory cell caus 
ing interference to the first memory cell; and 

a compensation module configured to compensate for the 
interference by assigning one or more of a log-likeli 
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hood ratio and a hard decision to the first memory cells 
based on (i) the first information and (ii) the second 
information. 

12. The system of claim 11, wherein the compensation 
module is configured to compensate for the interference by 
assigning the one or more of the log-likelihood ratio and the 
hard decision to the first memory cells based on (i) the first 
information and (ii) a distribution number inferred from the 
second information. 

13. The system of claim 11, wherein: 
one or more memory cells cause interference to the first 
memory cell; and 

the one or more memory cells includes the second memory 
cell. 

14. The system of claim 11, further comprising: 
a state determination module configured to determine 

states of one or more memory cells causing interference 
to the first memory cell, the one or more memory cells 
including the second memory cell, 
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wherein the one or more memory cells are located along (i) 

the first word line, (ii) the second word line, or (iii) the 
second bit line, and 

wherein locations of the one or more memory cells depend 
on a predetermined sequence of programming the 
memory cells. 

15. The system of claim 14, further comprising: 
a mapping module configured to map one or more of the 

states causing similar interference to a distribution num 
ber, 

wherein the distribution number represents threshold volt 
age distributions of the one or more of the states causing 
the interference to the first memory cell. 

16. The system of claim 15, further comprising: 
a log-likelihood ratio module configured to generate the 

log-likelihood ratio corresponding to (i) the first infor 
mation and (ii) the distribution number, 

wherein the log-likelihood ratio is used to compensate for 
the interference to the first memory cell. 
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